This paper investigates by means of finite-elements and SPICE simulation the further improvement of solar cell performance of PERC-type cells by introduction of industry-compatible solutions, such as a 120 sq. phosphorous emitter with a lower surface concentration than that of current 60 sq. standard emitters and the replacement of the silver screen-printed front-side metallization by narrow, dense electro-plated copper lines on lowly resistive Ti or NiSi contacts.
Description
Mono-crystalline Cz full aluminium metal back surface field (full Al-BSF) solar cells with screen-printed silver contacts (Ag SP) can reach an efficiency of nearly 18%. The base is contacted at the rear side over the whole area with a screen-printed aluminium layer. For more advanced "Passivated Emitter and Rear locally Contacted" type architectures (PERC) with local Al contacts at the rear, efficiencies up to 19.2% have previously been reported [1] . In these PERC cells, the phosphorous emitter originates from a standard POCl 3 diffusion process resulting in a sheet resistance of about 60 sq. and a relatively high surface concentration of about 5x10 20 cm -3 . The rear local contact holes are defined in a SiO 2 /SiN x dielectric passivation stack that effectively reduces the surface recombination velocity as compared to full aluminium metal back surface field cells [2] . The front-side of the PERC cells is identical to full-Al BSF solar cells and consists of Ag screen-printed paste fired through a SiN anti-reflection coating (ARC). This paper investigates by means of finite-elements and SPICE simulation further improvement of solar cell performance by:
(i) introducing a 120 sq. phosphorous emitter with lower surface concentration in order to reduce Auger recombination, parasitic absorption and the surface recombination velocity at the front-side (all three participating to the "dead layer" effect [3] ) and
(ii) replacement of the relatively wide screen-printed front-side finger metallization (80-125 m) by narrower, denser and better conducting electro-plated copper lines (40 m wide) on lowly resistive Ti or NiSi contacts to reduce shadowing and resistive losses.
Results

Details of the reference cell
The reference PERC cells (size 12.5x12. For the optical simulation, a raytracer tool in Sentaurus TM software (SYNOPSYS) [4] is used to calculate a 1D charge generation profile for a 1 sun illumination condition, taking into account the texture and ARC layer at the cell's front side. A mixed-mode simulation platform in the Sentaurus TM software is used for the electrical simulations in this work that combines finite-element simulations of 2D micro-cells with SPICE network simulations to take into account the resistive losses of fingers, rear side local contacts and shunt resistor [5] [6] . This simulation platform has been built and configured based on the specifications and characteristics of this reference PERC cell, following a bottom-up approach. The assumptions and estimated values which the simulations are based upon, are explained in table 2. The 3D current-crowding effect at the localized (point) rear contacts is not present in the 2D finite-element simulation, where pointcontacts are replaced by line-contacts. The size of the rear contact openings in the 2D micro-cell has been scaled in order to match the contacted/passivated area ratio of the real cell. The minority carrier surface recombination velocity (SRV) parameter at the front-side is surface doping concentration dependent, according to Kerr [7] [8], extrapolated to actual concentration, measured by SIMS (after correction for measured sheetresistance). The optical shadow effect of fingers and bus bars has been accounted for by normalization of the electrical output current to the total area of the cell, including the bus bar area. Floating junction recombination or non-ideal recombination effects (cell edge recombination, local series resistance problem originating from high contact resistance for firing Ag and local non-ideal diode recombination originating from Ag firing contamination, scratches, etc.. giving a non-ideality factor n2> 2, were not yet taken into consideration and would affect the fill factor (FF) output [9] [10] [11] . The simulation results of the cell are mentioned in table 1. front passivation SRV surface conc. dependent [6] Ag paste resistivity, 5x10 
Predicted Performance improvements
Using the reference cell described above as a base-line, several modifications are being investigated in order to bring up the performance. Firstly, the phosphorous emitter profile with a sheet resistance of 60 sq. is replaced by a 120 sq. emitter. The surface concentration is significantly lower in this case, resulting in better surface recombination velocity at the front-side, reduced Auger recombination losses and less bandgap narrowing in the emitter. The benefit is demonstrated by an increase of 12mV to 17mV in V oc , depending in the design of the front metallization, as shown in table 3. The SIMS profiles of both emitters are shown in figure 1 . Secondly, the screen-printed silver lines are replaced by lower resistivity, narrower and larger aspect ratio Cu lines on top of Ti or NiSi which reduce the metal line resistance as well as the contact resistance, simultaneously reducing the shadow effect. The short-circuit current is increased by 2% to 4% depending on the line width. In order to compensate for the reduction in fill factor, a smaller pitch of the metal lines is, despite a moderate drop in J sc , beneficial for the performance. 
Conclusions
From a simulation point of view, the optimization of shadow losses by using narrow, high aspect ratio, good conducting Cu lines combined with a reduced emitter saturation current Jo from a 120 sq. emitter can result in power efficiency above 20.5%.
